Introduction
Our understanding of the role of the prefrontal cortex depends upon two complementary approaches to characterize brain function. The first is to define regional specialization for functions such as working memory and executive processes (Goldman-Rakic, 1987a; Smith and Jonides, 1999; D'Esposito et al., 2000; Petrides, 2000) . Recent models have integrated mnemonic and executive functions (Duncan, 2001; Miller and Cohen, 2001 ) because individual neurons change their mnemonic function according to context and encode abstract rules (Rao et al., 1997; Asaad et al., 1998 Asaad et al., , 2000 . The second approach is to characterize interactions within distributed neural networks. The function of a region is limited by its intrinsic and extrinsic anatomical connectivity (Passingham et al., 2002) and the changing efficacy of these connections as a function of the behavioural state (McIntosh and Gonzalez-Lima, 1994; Horwitz et al., 1999) .
A specialized role for the dorsolateral prefrontal cortex has been proposed in which it biases neuronal excitation in other areas, leading to the selection of specific neuronal representations of sensory stimuli, memories or actions (Miller, 1999 (Miller, , 2000 . For example, the attentional modulation of extrastriate cortical activity depends on the integrity of prefrontal cortex (Barcelo et al., 2000) and attention modulates topographic activation within visual cortex (Brefczynski and DeYoe, 1999) and auditory cortex (Knight et al., 1981; Grady et al., 1997; Alho et al., 1999) . Moreover, prefrontal cortex may activate a specific non-prefrontal neuronal assembly even in the absence of a corresponding stimulus (Kastner et al., 1999; Tomita et al., 1999) . Competitive bias may also occur between specific neuronal representations. This has been demonstrated for visual objects' representations (Chelazzi et al., 1993 (Chelazzi et al., , 1998 Desimone and Duncan, 1995; Desimone, 1999) , under presumed prefrontal or parietal influences. Similar mechanisms may be the basis of the selection of neural representations of words (Frith, 2000) , items from memory (Rowe et al., 2000 or actions (Deiber et al., 1991; Frith et al., 1991) . In the motor domain, we propose that it is the neuronal representations of the abstract goals or targets of movement that are selected, and neuronal encoding of this type of representation has been identified in motor and premotor cortex (Alexander and Crutcher, 1990; Shen and Alexander, 1997; Kakei et al., 1999; Graziano et al., 2002) .
We used fMRI to study the selection processes mediated by prefrontal cortex, during selection of actions and colours. Selection was either by the subjects' own choice or specified to them. We compared free selection with externally specified responses, because free selection exemplifies 'top-down' influences distinct from 'bottom-up' stimulus-driven processes or arbitrary stimulus--response associations. We used statistical parametric mapping (SPM) to identify modality-specific and modality-independent regions of activation associated with free selection. Our first hypothesis was that free selection (choice) of responses would be associated with activation of the same regions of dorsolateral prefrontal cortex regardless of task modality.
Within prefrontal cortex, there may be regions that cause the selection of remote neuronal representations regardless of modality. If so, there must be modality-specific effective connections with dependent areas outside the prefrontal cortex, such as sensory or motor cortex. There may also be modalityspecific subdivisions within prefrontal cortex, with regional activation according to selection within a given modality.
The influence of the prefrontal cortex over remote nonprefrontal target areas was formulated in terms of effective connectivity changes . We used structural equation modelling (SEM; Horwitz et al., 1999; Buchel and Friston, 2000) to measure changes in effective connectivity among prefrontal, motor and visual cortices during performance of actions and colour based tasks. This involved the use of moderator variables which were the same as psychophysiological interaction effects. We extended the use of SEM to incorporate high order interactions between selection, modality and regional activity. Our second hypothesis was that different task demands would be reflected in different patterns of effective connectivity between a common prefrontal region and modalityspecific non-prefrontal areas. More specifically, we proposed that free selection enhances modality-specific effective connectivity from prefrontal cortex to dependent regions in motor and visual cortex.
Materials and Methods

Subjects
Twelve right-handed volunteers participated in the study (aged 23--38 years, mean 30 years, seven men), after providing written informed consent. The subjects were recruited from a departmental register of volunteers. None had a history of neurological or psychiatric illness, and they took no regular medication. The study was approved by the joint ethics committee of the National Hospital for Neurology and Neurosurgery (UCLH NHS Trust) and the Institute of Neurology (UCL), London.
Behavioural Paradigm
The experiment used an epoch-based factorial design, with four similar trial types separated by rest periods, presented in pseudorandom order. The four trial types are illustrated in Figure 1 . Trials were based on selection of finger movements or colours. The finger movements and colours were either freely selected by subjects or specified by the experimenter. The four principal tasks were performed for 26 s, following a brief written instruction cue. Rest periods between tasks lasted 8--20 s.
Externally specified action (EA): an arrow was presented every 3 s (duration 1.5 s) in an instruction box in the top half of the screen. Four smaller boxes were presented simultaneously below the instruction box, representing four lightly sprung buttons that could be pressed by the fingers of the right hand. The arrow had one of four orientations (9, 11, 1 and 3 o'clock) specifying the action of button press by one of the four fingers, by direct visuomotor mapping. The subjects used the specified finger to press the button.
Free selection of action (FA): the arrow in the button box pointed to 12 o'clock. Subjects chose one of the response buttons to press. They were asked to make a fresh choice on each trial, regardless of previous choices.
Externally specified colour (EC): the instruction box was filled with a single colour (red, yellow, green or blue). The four response boxes were each filled with one of the colours, in different arrangements on each trial, and subjects pressed the button that matched the instruction colour.
Free selection of colour (FC): the instruction box contained four colours. The four response boxes were each filled with one of the colours, in a different order on each trial. The subjects were required to choose one of these four colours, then press the button represented by the response box of the chosen colour. Again, subjects were asked to make a fresh choice on each trial.
Subjects were pre-trained on all tasks on the day of scanning. They were instructed to maintain their gaze on the top instruction box throughout the experiment. This was confirmed by simultaneous infrared oculographic monitoring in four subjects (ASL 5000). The mean reaction time for each subject in each of the four conditions was entered into a two-way repeated measures analysis of variance (ANOVA), with factors of selection (free versus externally specified) and modality (action versus colour), using SPSS8.0 for Windows.
Functional Imaging
Subjects lay supine with their heads fixed by firm foam pads. Task instructions, trial stimuli and the recording of latency from stimulus to button press were controlled by an Apple Macintosh 7600 computer operating Cognitive Interface software (Cogent, Wellcome Department of Imaging Neuroscience, London, UK). The four lightly sprung buttons were mounted under subjects' fingertips, on a moulded splint that supported a comfortable neutral hand position.
Functional imaging used T 2 *-weighted echo-planar MRI throughout 28 min continuous whole brain imaging (2 T Siemens Vision MRI scanner, repeat time 3650 ms, echo time 40 ms, 64 3 64 3 40 voxels, 3 mm isotropic resolution). The first five images were discarded to allow steady state magnetization. Statistical parametric mapping software was used for image processing and analysis (SPM99, http://www.fil.ion. ucl.ac.uk/spm). The images were realigned to the mean image by rigid body transformation, sinc interpolated in time to correct for phase shift during volume acquisition and transformed to normal anatomic space (Talairach and Tournoux, 1988) using the Montreal Neurological Institute template by linear and smoothly non-linear transformations (Friston et al., 1995a) . For individual subject analyses the data were smoothed spatially with a Gaussian kernel of 6 mm at full width half maximum. High-resolution T 1 -weighted images were acquired for all subjects to facilitate anatomical localization of activations (repeat time 11 ms, echo time 4 ms, T I 1000 ms, 256 3 224 3 176 voxels, 1 mm isotropic resolution).
Statistical Parametric Mapping
A general linear model was applied voxel by voxel to the functional data (Friston et al., 1995b Worsley et al., 1996) , using box-car covariates for the epochs EA, FA, EC, FC and rest, and a transient covariate for the task instructions. The covariates were convolved with a canonical haemodynamic response function. Residual motion effects were modelled by inclusion of the first temporal derivative of the realignment parameters, representing scan-to-scan movement. A bandpass filter was applied prior to parameter estimation, including a low frequency cut-off of 120 s, and a higher frequency filter corresponding to the canonical haemodynamic response function.
Voxel-wise parameter estimates were derived for each covariate, in a subject-specific fixed effects model. Contrast images of interest were Figure 1 . Schematic representation of the four tasks. In all conditions, a large cue box was presented above four small response boxes, each one corresponding to a finger of the right hand. In condition EC (externally specified colour), the cue box filled with one of four vivid colours, to indicate the necessary response. One of four coloured response boxes was also filled with this colour, and the subject pressed a button with the corresponding finger. In FC (freely selected colour), the subject freely chose one of four colours, and pressed the finger indicated by the response box of the chosen colour. In EA (externally specified action), the direction of an arrow in the cue box specified the button press with one of four fingers. In FA (freely selected action), the arrow pointed to a neutral location, and the subject freely chose which button to press. Cues and response boxes were presented together for 1.5 s, every 3 s. For each contrast, the 12 subject specific contrast images were entered into a two-way one-sample t-test, to create a SPMftg-statistic image, with 11 degrees of freedom. This two-step procedure is equivalent to a random effects analysis. It enables inferences to be extended to the general population from which the subjects were drawn (Friston et al., 1999) . To accommodate greater inter-subject anatomic variability inherent in group analyses contrast images were smoothed by a second Gaussian kernel FWHM 8 mm prior to the second level t-test. This is equivalent to a single smoothing step of 10 mm (the root sum of squares of the sequential smoothing kernels).
For the contrasts of main effects of selection and modality, results are tabulated and illustrated for voxels for which P < 0.05, corrected for whole brain multiple comparisons. Where indicated in the text and tables, reduced search volumes were used for specific contrasts in view of prior anatomically constrained hypotheses. For interactions between modality and selection, reduced search volumes were defined within the SPM99 results graphical user interface, as 10 mm spheres centred on either the hand knob or previous functional localization of colour sensitive areas (see results section for loci). The reduced search volume for the prefrontal cortex could not be specified in this way. Instead, a mask image was created using MRIcro software (http://www.psyc.nott.ac.uk/~/mricro.html ) that included precentral, superior and middle frontal gyri bilaterally with total search volume 170 cm 3 . In addition, to convey the extent of activation trends for principal contrasts, some results of interest are presented at a lower threshold, P < 0.001 uncorrected.
Structural Equation Modelling (SEM)
A hypothesis-driven approach was taken to estimate the changes in effective connectivity within a specified model, which included bilateral prefrontal, parietal and prestriate cortex and the left motor cortex. The method was similar to that used by Buchel and Friston (1997) and , enabling a systems level analysis of regional interactions while at the same time acknowledging that the connections may be indirect or polysynaptic. Our model is shown schematically in Figure 2a . The model included the time-course of the first eigenvariate of the adjusted BOLD signal for each region .
The specific coordinates for the seven regions comprising the model were taken from the contrast of 'all tasks versus rest', including the middle frontal gyrus corresponding to: area 46 of prefrontal cortex (Rajkowska and Goldman-Rakic, 1995) at xyz = -44, 28, 30 and 46 38 28; left motor cortex, xyz = -44 -24 62; ventrolateral prestriate cortex, to include colour sensitive regions of human prestriate cortex (Hadjikhani et al., 1998; Zeki and Bartels, 1999; Bartels and Zeki, 2000; Tootell and Hadjikhani, 2001) , xyz = -36, -70, -12 and 40 -78 -14; and intraparietal cortex, xyz = -30 -56 40 and 28 -54 44. Regions were defined as spheres (5 mm radius) centred on these coordinates, including all voxels that exceeded P < 0.001 in the SPMfFg for all conditions. These voxels will have been activated in association with some or all of the experimental factors, but the inclusion voxels was unbiased by any particular contrast. Premotor cortex was not modelled separately, despite activation around the intersection of the superior frontal sulcus and precentral sulcus, because it was not clearly distinguishable from the frontal eye-fields (Petit et al., 1997; Luna et al., 1998) . Although subjects were instructed to look only in the upper cue box, it is possible that smaller eyemovements within the cue box may have differentiated colour and action tasks and therefore resulted in differential activations in this area. Our model did not include interhemispheric connections, since the combination of these with reciprocal frontal--parietal connections would have created a loop that may destabilize model fitting. Our priority was to include interactions with parietal cortex within each hemisphere.
The coupling induced by the visuomotor tasks (versus rest) may differ with context, illustrated in Figure 2b . The context may be defined by the modality (colour versus action) or by the nature of selection (freely versus externally specified). The factorial design speaks to the role of interactions. There may be interactions between modality and selection in determining activation within a voxel. There may also be psychophysiological interactions (PPIs), defined by Buchel and Friston (1997) as an interaction between the psychological context and the physiological coupling between brain regions.
At one level, there may be an interaction between one psychological contextual factor (modality or selection) and the physiological coupling. In our SEM, the contextual factor entered explicitly as a designed variable, encompassing the period of visuomotor task performance and the following rest period, illustrated in Figure 2c . In this model, the effect of visuo-motor task performance enters vicariously through the haemodynamic changes it evokes in regions in the model. For implementation in the SEM, we proposed that where two regions are anatomically connected, the degree of coupling between source and target region may change with the modality context (bold arrows) and with the selection context (thin arrows). These effects were incorporated into the model by the inclusion of an 'psychophysiological interaction covariate' as a potential influence on a target area, illustrated in Figure 2c . The interaction covariates are calculated as the product of a mean-corrected vector of BOLD activation in the source area (we used the time-course of the first eigenvariate of the adjusted BOLD response for the region of interest) and a mean-corrected vector defining the contexts of selection or modality (normalized and convolved by a canonical haemodynamic response function).
A higher level psychophysiological interaction may also exist. That is, the effect of modality on inter-regional physiological coupling may itself interact with the selection context (Fig. 2b, double arrow) . This thirdorder interaction was incorporated into the model by an additional 'psycho-psychophysiological interaction covariate' (the product of the source activity and a vector describing the interaction between modality and selection) with the potential to influence the target area (Fig. 2c , double arrow).
The SEM was implemented with the SPM99 Toolbox under Matlab 5.3, using an iterative maximum likelihood algorithm (Higham, 1993 ) to calculate path coefficients by which the implied covariances best match the observed variance--covariance structure of the empirical data. The influence that one variable (regional activation or contextual moderator variable) exerts upon another is quantified by a path coefficient. This represents the magnitude and direction of the influence, in the range -1 to +1. A path coefficient of +1 indicates a unit response (in units of standard deviation) of the dependent variable (target area) to a unit change in the explanatory variable (source area or contextual moderator variable). After optimal model fit for each subject, the path coefficients were treated as dependent variables in one sample t-tests. This secondlevel analysis allowed us to investigate the consistency of each modelled context-dependent modulation of inter-regional coupling across the group, testing the null hypothesis that a path coefficient was zero.
Results
Behavioural Data
The mean response latencies for each of the four conditions are shown in Figure 3 . There was no overall effect of modality (main effect of modality: F = 0.8, df 1,11, n.s.), but there was a significant interaction between free selection and modality (F = 15, df 1,11, P < 0.01). Post hoc paired t-test comparison of response latencies between FA and FC conditions confirmed a significant difference (t = 2.74, df = 11, P < 0.05). It should be noted that the tasks were 'blocked' in paced epochs so that during the condition of freely selected actions, subjects could have anticipated the next trial and chosen their responses in advance of the visual cues. The response latency does not therefore necessarily include delay Cerebral Cortex January 2005, V 15 N 1 87 due to selection processes. In contrast, on colour free selection trials, the arrangement of colours was varied from trial to trial. The subjects were asked to select between colours following the presentation of the response boxes. With such selection, the response latency would be expected to be increased relative to externally specified colour trials, due to post-stimulus selection processes (as shown by Fig. 3) . Alternatively, subjects might have chosen a colour ahead of the response boxes, and then waited for the response boxes to appear in order to know which corresponding colour to press. This can still be considered to be free selection of colours, within blocks, but this strategy is not supported by the behavioural data. It is also possible that subjects disregarded task instructions, and chose a finger to press regardless of colours. This is unlikely, since in this case response latencies would have been similar to those in the free selection of action condition, and they were, in fact, higher. We conclude that D, E, F represent the second-order interactions between regional activity and the tasks: coupling greater during action than colour (D), greater during colour than action (E) and greater during free selection than specified responses (F). G and H illustrate the third-order interactions between regional activity: greater coupling during free selection of action (G) or during free selection of colour (H). Although the basic connections, second-and third-order interactions are illustrated separately, they are calculated simultaneously within a single model for each subject.
subjects were selecting between alternative responses, in both modalities. Table 1 details those areas associated with performance of all tasks versus rest, including primary visual and motor areas, prestriate and premotor areas, parietal and frontal association cortex. There were significant differences between the free selection tasks and those in which the targets were externally specified (+FC +FA -EC -EA). The free selection of responses was associated with greater activity of the middle frontal gyrus (Brodmann area 46) of the prefrontal cortex. Details are listed in Table 2 and illustrated by Figure 4 . Contrasts for simple main effects of selection context within each modality revealed similar peak activations in the left middle frontal gyrus (Brodmann area 46) of the prefrontal cortex for both free selection of actions [FA -EA], and bilaterally for free selection of colours [FC -EC], listed in Table 2 . The right middle frontal gyrus peak activation for the simple main effect of selection within action tasks was below threshold for whole brain correction of multiple comparisons. However, in view of the hypothesis regarding a generic role of prefrontal cortex in selection, correction was made within a reduced search volume that included precentral, superior and middle frontal gyri bilaterally (search volume 170 cm 3 ). The right peak activation was significant within this reduced search volume, P < 0.05. The formal interaction analysis between modality and selection was also not significant here (see below).
Analyses of Regional Specialization
There were modality differences in the patterns of taskrelated activation. The colour-based tasks, compared with the action-based tasks [(+EC +FC -EA -FA)] were associated with significantly greater activation of ventral prestriate cortex, in the colour-sensitive areas identified by Zeki as human V4 [28, -78, -14, t = 9.71; -30, -76, -16, t = 7.63; P < 0.05 corrected within reduced search volume 10 mm radius from the colour sensitive region identified by Bartels and Zeki (2000) ]. At a reduced threshold (P < 0.001, uncorrected), there were additional activations in anterior prestriate cortex, identified as V4a (-30, -52, -6, t = 9.15; -34, -52, -22, t = 6.43) (Zeki and Bartels, 1999; Bartels and Zeki, 2000) . There was no significant additional activation in the region of the left motor or premotor cortex. The action-based tasks, compared with the colour-based tasks [(+EA +FA -EC -FC)], were associated with additional activation (thresholded at P < 0.001, uncorrected) of the supplementary motor area (-2, -6, 68, t = 5.33), SII (-66, -4, 4, t = 5.49; 60, -8, 6, t = 5.56), right ventral prefrontal (46, 42, 8, t = 4.90) and right Figure 3 . Group mean response latency (ms) from the presentation of the stimuli to button press, for each condition (error bars: between subjects SE). Table 1 Contrast of all tasks versus rest, including peaks for which family-wise error P < 0.05 in bold (corrected for whole brain comparisons, t > 10.6) and P < 0.001 (uncorrected, t > 4.03) Values given include probability of family-wise error (FW), false discovery rate (FDR), t-value and xyz coordinates (standardized Talairach coordinates in millimetres using the MNI-ICBM 152 template).
Table 2
Contrast of free selection versus externally specified task performance, including peaks for which family-wise error P < 0.05 (corrected for whole brain comparisons, t > 10.6) Values given include probability of family-wise error (FW), false discovery rate (FDR), t-value and xyz coordinates (standardized Talairach coordinates in millimetres using the MNI-ICBM 152 template). SVC, small volume correction; see text.
Cerebral Cortex January 2005, V 15 N 1 89 sensorimotor cortex (24, -30, 74, t = 4.77). There was no significant additional activation in the visual cortex. There were also interactions between selection and modality. These are shown in Figure 5 [contrasts (+EC -EA -FC +FA) and (-EC +EA +FC -FA)]. The difference in activation between freely selected and externally specified colour tasks was significantly greater than the difference between freely selected and externally specified action tasks in ventral prestriate cortex [-40, -78, -10 , t = 4.64, P < 0.05, corrected within reduced search volume 10 mm radius from the colour-attention region identified by Bartels and Zeki (2000) ]. At reduced threshold (P < 0.001 uncorrected) there were additional interactions in striate cortex, xyz = -1, -90, -10 (t = 4.47) and xyz = -6, -82, 14 (t = 5.17); ventral prestriate cortex, xyz = -34, -88, -14 (t = 5.75) and 22, -90, -6 (t = 4.72); and the left frontal cortex xyz = -40, 6, 44 (t = 7.70) and -52, 26, 30 (t = 7.30). In these areas of the left prefrontal cortex in which there was a weak interaction between modality and selection [(FC -EC] -[FA -EA)], there was also a significant simple main effect of action selection [(FA -EA)].
In other words, there was more colour-selection activation but the same regions were also activated during action-selection: there were no regions identified in which there was colour specificity for selection processes.
There was the opposite interaction between selection and modality in sensorimotor cortex, xyz = -36, -26, 60 (t = 4.40, P < 0.05 corrected within reduced search volume, 10 mm sphere centred on the 'hand knob'), indicating that the difference in activation between freely selected and externally specified action tasks was greater than the difference between freely selected and externally specified colour tasks in that area. There was no significant interaction between action and free selection in the prefrontal cortex even at reduced threshold. There were no significant cross-modal interactions, such as visual cortical activation enhanced by free selection action. Figure 2 illustrates the results of the structural equation modelling, with group mean path coefficients for the principal . SPM(t) maps at P \ 0.05 (corrected for whole brain comparisons) showing bilateral prefrontal cortical activation greater with free selection of responses than with externally specified responses, overlaid on the group mean structural images. Top row, parasagittal slice x ¼ ÿ36 (left hemisphere), coronal slice y ¼ 32, middle row parasagittal slice x ¼ 44 (right hemisphere), coronal slice y ¼ 40. The high statistical threshold applied in the top two rows enables clear anatomical localization of the peaks of selection associated activation. However in view of the hypothesized role of the prefrontal cortex in free selection, a lower threshold has been applied to the surface rendered images in the bottom row (P\ 0.001 uncorrected) to convey the extensive bilateral frontal activations. Note the absence of motor or visual cortex activation for this contrast even at reduced statistical threshold.
Analyses of Effective Connectivity
connections and moderator variables. Each of the principal connections had significant positive path coefficients (Fig. 2a) indicating covariance due to performance of the visuomotor tasks (also called 'stationary coupling'). The modelled influence of prefrontal cortex on motor and visual cortex is significant even in the presence of indirect influence via parietal cortical inputs to motor and visual cortex.
The modality of responses induced differences in interregional coupling, indicated by the significant path coefficients for the second-order interaction covariates ( fig. 2d--e) . Performance of action tasks, versus colour tasks, induced greater coupling between prefrontal cortex and the left motor cortex. Conversely, the performance of the colour tasks (versus action tasks) induced greater coupling between prefrontal cortex and prestriate cortex bilaterally, and between parietal and prestriate cortex on the right.
The free selection of responses (versus externally specified responses) was associated with greater coupling between the left prefrontal cortex and the left motor cortex, and between prefrontal and parietal cortices (Fig. 2f ).
There were significant third-order interactions between the selection context, the modality of the task and inter-regional coupling. Although the free selection of responses did not overall increase coupling between prefrontal and prestriate cortex (second-order interaction), free selection enhanced the modality effect (third-order interaction) on the left for action and bilaterally for colour (Fig. 2g--h ). This indicates that the taskrelated coupling between prefrontal and prestriate cortex was greatest for freely selected colour responses. Coupling between the parietal and prefrontal cortex was similarly greatest during freely selected performance in colour tasks. Conversely, there was a positive effect of the interaction between action tasks and free selection on the coupling between parietal to motor cortex on the left: parietal to motor cortical coupling was greatest during free selection of action. The third-order interaction between free selection, actions and prefrontal-motor activation was not significant. However, the combination of second-order interactions above indicates that the highest coupling between prefrontal and motor cortex was during free selection of actions.
Discussion
Activity within Prefrontal Cortex
The free selection of responses was associated with greater activation of the bilateral dorsal prefrontal cortex, compared with performance of similar externally specified responses. This occurred for the selection of both actions and colours. When selecting between potential responses, the critical aspect of the task for prefrontal cortical activation might be the 'freedom' of choice to make 'willed actions' (Frith et al., 1991) . However, we propose that it is the demands on selection processes that determine prefrontal cortical activity. Activity of dorsal prefrontal cortex occurs during selection among motor responses with hands, feet or mouths (Deiber et al., 1991; Frith et al., 1991; Hyder et al., 1997; Spence et al., 1997 Spence et al., , 1998 . The activation of area 46 on the middle frontal gyrus is of particular significance in studies of response selection, because lesion studies suggest that it is critical for the selection of action based on representational memory (Goldman-Rakic, 1987a,b; Hoshi et al., 2000) . It might be argued that prefrontal cortical activation in our free selection tasks was due to working memory for previous selections. However, disruption of prefrontal cortical function by transcranial magnetic stimulation impairs response selection even in the absence of working memory demands (Hadland et al., 2001) .
There is also evidence for dorsal prefrontal activation when subjects select responses other than manual movements: random number generation (Jahanshahi et al., 2000) ; verbal response selection (Buckner et al., 1995; Klein et al., 1995; Phelps et al., 1997; Thompson-Schill et al., 1997 , 1998 Desmond et al., 1998; Ojemann et al., 1998) ; and selection of items from working memory (Rowe et al., 2000) . Moreover, the greater the choice (Thompson-Schill et al., 1997; Desmond et al., 1998) or conflict amongst potential responses (George et al., 1994; Carter et al., 1995; Taylor et al., 1997) , the greater the activation. The selection of one response from a set of possible responses may be distinguished from the generation of that set. The activation of the dorsal prefrontal cortex is associated with the selection process, not the generation of possible responses (Bunge et al., 2002) .
There were no significant interactions between selection and modality on the middle or superior frontal gyri. This result suggests that the same parts of the middle frontal gyrus mediate both action-and colour-based selection. Our results may reflect the spatial resolution of fMRI and group analysis that may average any fine detail of subspecialized areas present within individual subjects. This study is insensitive to such fine-grained spatial organization of function. However, previous functional imaging studies of working memory have also suggested that it is executive processes rather than modality of remembered items that determines the degree of activation of dorsal prefrontal cortex (Owen, 1997; Owen et al., 1998; Smith and Jonides, 1999; D'Esposito et al., 2000) Activity within Motor, Visual and Parietal Cortex Frith (2000) proposed that the selection of a target item from a visual scene is comparable to motor and verbal response selection, whether the visual stimuli remain present or are held in working memory. In contrast to motor and verbal selection, the attentional mechanisms of visual selection have been extensively studied at regional and cellular levels. Specific aspects of the visual scene are encoded by neuronal activity in occipital and temporal cortex, including retinotopy, colour states and information about object form or identity. Electrophysiological studies indicate that cells in inferotemporal cortex exhibit competitive interactions amongst different neuronal representations (Luck et al., 1997; Chelazzi et al., 1998; Reynolds et al., 1999) . Bias among competing representations has been proposed as a central mechanism of visual attention (Desimone and Duncan, 1995; Desimone, 1998) .
It is suggested that choice amongst potential action or colour responses is also mediated by biased activation of action representations or colour representations, respectively. There was greater activity in visual cortex during colour tasks, possibly attributable to an asymmetry in the experimental design (colours were presented only during colour tasks). However, there was even greater activation when colours were freely selected (Fig. 5) . This is consistent with top-down modulation of striate and prestriate cortex during free selection of responses. There was also greater activation in motor cortex when actions were freely chosen rather than externally specified (Fig. 5) , even though a button press was made on every trial. Attentional bias among action representations may therefore also mediate the selection of voluntary actions.
If the selection of action is mediated by bias among specific neuronal representations, one must consider the nature of these action representations in the motor system. They could represent the muscular activity required for movement of a finger; the anticipated sensory consequences of an intended action; the location or spatial arrangement of the target of action in either egocentric or allocentric coordinates; or more complex integrated schemata (Norman and Shallice, 1980) . It is possible that multiple types of representation are activated in parallel (Jeannerod, 1997) .
We believe that it is primarily the abstract goal of action that is selected, rather than the physical properties of the movement. In this respect, the action tasks differed from colour tasks, even though all tasks included an equal number and type of button presses. Evidence for this comes from electrophysiological studies in non-human primates. Cells tuned to the target of response (final limb position) rather than the required movements (limb movement direction or muscular action) are found in dorsal premotor and primary motor cortex (Alexander and Crutcher, 1990; Shen and Alexander, 1997; Kakei et al., 1999; Graziano et al., 2002) . Moreover, the target specificity of primary motor cortical cells is not conditional on the task rule,. in contrast to responses in prefrontal cells (Hoshi et al., 1998) .
The parietal cortex was also activated when freely selecting colours and actions (Fig. 4) albeit to a lesser extent than the prefrontal cortex. Significant changes were only seen for the free selection of action, in the right inferior parietal lobe (Table  2) . Response selection has previously been associated with parietal activation in some studies (Deiber et al., 1991; Spence et al., 1997 Spence et al., , 1998 Thompson-Schill et al., 1997; Ojemann et al., 1998; Jahanshahi et al., 2000; Rowe et al., 2000; but not consistently (Frith et al., 1991; Spence et al., 1998) . However, in contrast to prefrontal cortex, parietal activations were not independent of modality and the location of activation varied more widely between studies, including superior-, inferior-, medial-and intra-parietal cortex. The role of the parietal cortex in selection of actions is therefore distinct from the role of the prefrontal cortex. The parietal cortex has also recently been implicated in attentional modulation of representations of non-spatial features of visual objects, including colour (Liu et al., 2003) . The left intraparietal and medial parietal cortex were activated at the time of attentional shift towards the colour dimension in complex visual displays. However, unlike prefrontal cortex and fusiform gyrus, the parietal cortex was not activated during sustained colour attention in the study by Liu et al. (2003) .
Effective Connectivity between Regions
We used structural equation modelling to determine whether selection context and modality would affect the interregional coupling among prefrontal, motor and visual cortex. Analyses of connectivity are complementary to analyses of regional specific activations, and inferences about regional coupling should not be made based on observation of similar parameter estimates in different regions. For example, Stephan et al. (2003) showed similar anterior cingulate activation during both letter and visuospatial decisions, but distinct patterns of effective connectivity from cingulate cortex to left inferior frontal and right intraparietal cortex according to modality.
Our model simplified the complexity of cortico-cortical anatomic connections in order to test specific hypotheses at the level of interacting cortical systems. In humans, attentional bias of cortical processing of sensory stimuli depends on prefrontal cortical afferents (Alho et al., 1994; Barcelo et al., 2000) . Moreover, functional imaging studies show that selective attention to sensory stimuli is associated with modulatory fronto-temporal and fronto-occipital interactions (Buchel and Friston, 1998; Alho et al., 1999; Kastner et al., 1999; Hopfinger et al., 2000 Hopfinger et al., , 2001 Kastner and Ungerleider, 2000) .
The SEM analysis supports existence of modulatory inputs from prefrontal cortex to multiple modality-specific regions. The free selection of colours was associated with the greatest influence of prefrontal cortex on visual cortex, indicated by the significant influence of the third-order interaction between selection, modality and prefrontal activity bilaterally. The second-order effect of modality on prefrontal-visual cortical coupling (whether freely selected or externally specified) was also significant bilaterally, but coupling was not overall greater in free selection than in externally specified tasks. The presentation of colours only during colour-based tasks may have contributed to the modality-dependent increase in inter-regional coupling. However, it would not be sufficient to explain the interaction with selection context. The coupling between prefrontal and motor cortex was greatest during the free selection of action tasks, even though a button was pressed on every trial in both colour-based and action-based tasks. Although there was no third-order interaction between selection, modality and regional activity, both modality and selection positively modulated this coupling.
Although we have suggested that prefrontal cortex provides 'top-down' modulation of visual cortex, it is possible that other areas also do so. One candidate region is the parietal cortex, which is directly connected with extrastriate cortex (Andersen et al., 1990) and motor cortex (Petrides and Pandya, 1984) . A previous study of parietal to premotor connectivity using similar SEM analysis of fMRI data failed to show significant changes when subjects attended to predetermined actions . The current SEM results suggest that parietal connectivity to motor cortex may contribute to selection of actions when chosen freely on each trial. Moreover, the dorsal prefrontal to visual cortical interactions are significantly stronger during free selection of colour, even in the presence of an 'indirect' influence via sequential fronto-parietal and parietal-visual cortical interactions. The prefrontal influence on visual cortical activity shown here and by Barcelo et al. (2000) is likely to be mediated by polysynaptic connections. Structural equation modelling is insensitive to the potential complexity of corticocortical connections, restricting its use to testing specific hypotheses at a systems level of analysis, rather than at a synaptic or cellular level.
Conclusions
The same areas of prefrontal cortex were activated in association with free selection of both actions and colours. An SEM analysis suggests that free selection of responses is mediated by changes in effective connectivity between the prefrontal cortex and modality specific areas, over and above the influence of parietal cortex. While there is functional specialization within prefrontal cortex, we suggest that the function of prefrontal cortex is also characterized by changing effective connectivity to multiple, remote, modality-specific regions.
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